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Vertebrate cranial ectodermal placodes are transient, paired thickenings of embryonic head ectoderm that are crucial for the formation of the
peripheral sensory nervous system: they give rise to the paired peripheral sense organs (olfactory organs, inner ears and anamniote lateral line
system), as well as the eye lenses, and most cranial sensory neurons. Here, we present the first detailed spatiotemporal fate-maps in any vertebrate
for the ophthalmic trigeminal (opV) and maxillomandibular trigeminal (mmV) placodes, which give rise to cutaneous sensory neurons in the
ophthalmic and maxillomandibular lobes of the trigeminal ganglion. We used focal DiI and DiO labelling to produce eight detailed fate-maps of
chick embryonic head ectoderm over approximately 24 h of development, from 0–16 somites. OpV and mmV placode precursors arise from a
partially overlapping territory; indeed, some individual dyespots labelled both opV and mmV placode-derived cells. OpV and mmV placode
precursors are initially scattered within a relatively large region of ectoderm adjacent to the neural folds, intermingled both with each other and with
future epidermal cells, and with geniculate and otic placode precursors. Although the degree of segregation increases with time, there is no clear
border between the opV and mmV placodes even at the 16-somite stage, long after neurogenesis has begun in the opV placode, and when
neurogenesis is just beginning in the mmV placode. Finally, we find that occasional cells in the border region between the opV placode and mmV
placode express both Pax3 (an opV placode specific marker) and Neurogenin1 (an mmV placode specific marker), suggesting that a few cells are
responding to both opVand mmV placode-inducing signals. Overall, our results fill a large gap in our knowledge of the early stages of development
of both the opV and mmV placodes, providing an essential framework for subsequent studies of the molecular control of their development.
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Vertebrate cranial ectodermal placodes are paired transient
patches of thickened embryonic head ectoderm, whose deriva-
tives enable vertebrates to monitor both their external and
internal environments (reviewed in Baker and Bronner-Fraser,
2001; Schlosser, 2006). Cranial placodes form the paired peri-
pheral sense organs (olfactory organs, inner ears and anamniote
lateral line system), as well as the eye lenses. They also give rise
to most cranial sensory neurons: the ophthalmic and max-
illomandibular trigeminal placodes form most cutaneous sen-
sory neurons in the trigeminal ganglia; the otic and lateral line
placodes form vestibuloacoustic and lateral line neurons that⁎ Corresponding author. Fax: +44 1223 333786.
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doi:10.1016/j.ydbio.2008.02.012provide afferent innervation for otic placode-derived and lateral
line placode-derivedmechanoreceptors and electroreceptors; the
epibranchial (geniculate, petrosal and nodose) placodes form
gustatory neurons that provide afferent innervation for taste buds
(recently proved experimentally; Harlow and Barlow, 2007),
and also visceral sensory neurons that transmit a wide variety of
sensory information from the heart, lungs and other visceral
organs (reviewed in Baker and Bronner-Fraser, 2001; Schlosser,
2006). As well as being fascinating in their own right, since they
give rise to almost all the peripheral sensory nervous system
in the vertebrate head, they are relatively simple experimental
model systems for investigating diversification within the ner-
vous system.
Our understanding of the induction and development of most
neurogenic placodes has been transformed over the last decade
by an explosion of molecular and genetic information. Different
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by different signals from different embryonic tissues at different
times (reviewed in Baker and Bronner-Fraser, 2001; Schlosser,
2006). However, cells contributing to all cranial placodes (in-
cluding the non-neurogenic hypophyseal placode, which forms
the adenohypophysis) arise from a “pre-placodal” or “pan-
placodal” domain of ectoderm around the anterior neural plate
that expresses members of the Six, Eya and Dach families
of transcription factors/co-factors (reviewed in Baker and
Bronner-Fraser, 2001; Streit, 2004; Bailey and Streit, 2006;
Schlosser, 2006).
Fine-grained fate-mapping in the chick embryo using the
vital lipophilic dyes DiI and DiO has shown that precursors for
the olfactory, lens and otic placodes are initially intermingled
with each other, and also with future epidermis, neural crest and
neural tube cells (Streit, 2002; Bhattacharyya et al., 2004).
Subsequent cell rearrangements lead to the segregation and
convergence of olfactory, lens and otic placode precursors
towards the regions where these placodes will form (Whitlock
and Westerfield, 2000; Streit, 2002; Bhattacharyya et al., 2004).
This convergence may represent the “capture” of randomly-
moving unspecified cells by individual placode-inducing
signals; however, it is also clear that lens and olfactory placode
cells physically sort out from one another, most likely due to
changes in the expression of cell surface molecules under the
control of placode-specific transcription factors such as Pax6
(Collinson et al., 2000, 2003; Bhattacharyya et al., 2004).
Our understanding of these early cell rearrangements and
cell-sorting events in placode induction remains limited even
for the olfactory, lens and otic placodes, and is essentially non-
existent for the placodes that give rise only to sensory neurons,
i.e., the trigeminal placodes (the focus of the current paper) and
the epibranchial placodes. There are two pairs of trigeminal
placodes, the ophthalmic trigeminal (opV) and maxillomandib-
ular trigeminal (mmV) placodes, which contribute cutaneous
sensory neurons to the distal regions of the ophthalmic and
maxillomandibular lobes, respectively, of the fused trigeminal
ganglion (the sensory ganglion of cranial nerve V). Neural crest
cells form the first condensation of the trigeminal ganglion
(Covell and Noden, 1989), contributing late-differentiating
neurons located proximally in the ganglion, together with all
satellite glia (Hamburger, 1961; D'Amico-Martel, 1982;
D'Amico-Martel and Noden, 1983). In the chick, the opV
placode expresses the paired domain transcription factor gene
Pax3, fibroblast growth factor receptor 4 (Fgfr4) and the
proneural transcription factor gene Neurogenin2 (Ngn2), while
the mmV placode expresses the proneural transcription factor
gene Ngn1 (Stark et al., 1997; Begbie et al., 2002). Neurogen-
esis in the opV placode begins as early as the 10-somite stage
(10-ss), as marked by the onset of Ngn2 expression; the first
Ngn1 expression in the mmV placode is not seen until much
later, at the 16-ss (Begbie et al., 2002).
The identification of Pax3 as an early specific molecular
marker for the chick opV placode has enabled the induction and
development of the opV placode to be investigated (Stark et al.,
1997; Baker and Bronner-Fraser, 2000; Baker et al., 1999;
2002; Lassiter et al., 2007). However, we currently knownothing about the induction and early development of the mmV
placode, for which specific molecular markers prior to Ngn1
expression have not yet been described, apart from a report of
Pax6 expression in Xenopus (Schlosser and Ahrens, 2004).
The only existing fate-map of the trigeminal placodes in the
chick embryo was constructed at a single time-point, the 8-
somite stage (ss), by quail-chick grafting (D'Amico-Martel and
Noden, 1983). In this fate-map, opV placode precursors were
found in surface ectoderm adjacent to the caudal midbrain and
rhombomere 1,2 (r1,2), while mmV placode precursors were
also found adjacent to r1,2 (D'Amico-Martel and Noden, 1983).
The resolution of the grafting technique was insufficient to
determine whether the overlap between opV and mmV placode
precursors at the level of r1,2 was real or only apparent. Here,
we fill a major gap in our understanding of the early stages of
development of the opVand mmV placodes, by using focal DiI
and DiO labelling to construct detailed fate-maps for the
trigeminal placodes from the 0–16ss.
Materials and methods
Embryos and fate-mapping
Fertilised chicken (Gallus gallus) eggs (Winter Egg Farm, Hertfordshire)
were incubated in a humidified incubator at 38 °C for 24–48 h to obtain embryos
from 0–16 somites (Hamburger–Hamilton [HH] stages 7–12; Hamburger and
Hamilton, 1951). Black ink (Fount India, Pelikan) was diluted to 10–20% in
Ringer's solution and injected beneath the blastoderm to visualise the embryo.
The vitelline membrane above the head was removed, and small groups of
ectoderm cells labelled by mouth-pipetting the fluorescent lipophilic dyes DiI
and/or DiO. Briefly, 0.5% DiI or 0.25% DiO (Molecular Probes) stocks in
absolute ethanol were diluted 1:10 in 0.3M sucrose at 50 °C and mouth-pipetted
using pulled glass capillary needles. To avoid piercing the ectoderm, the tip of
the needle was placed very close to the ectoderm and a small bolus of dye
solution ejected by air pressure. The embryo was immediately washed by adding
a drop of Ringer's solution. Three groups of cells were labelled on each side of
the embryo, alternating DiI with DiO (see e.g. Figs. 3A, C, F, K). Photographs of
the labelled embryos were taken under epifluorescence using a Leica MZFL III
fluorescence stereomicroscope, and the positions of the labels measured later on
the photographs, using Adobe Photoshop, in relation to other embryonic land-
marks (see next section). The eggs were sealed with tape and incubated for
another day, when additional photographs were taken under epifluorescence,
before fixing in 4% paraformaldehyde (PFA) for approximately 2 h at room
temperature. The embryos were washed three times in phosphate-buffered saline
(PBS) with 0.1% Triton X-100, equilibrated in 5% sucrose in PBS (approx-
imately 30 min) and in 15% sucrose in PBS (approximately an hour). They were
then embedded in 7.5% gelatin, 15% sucrose in PBS (approximately 4 h at
37 °C), transferred to moulds, oriented transversally, and the gelatin allowed to
set at room temperature. The moulds were frozen in isopentane on dry ice and
stored at −80 °C before crysectioning at 20μm onto Superfrost® Plus glass
slides (Fisher).
Standardising the position of labelled cells
The rostrocaudal and mediolateral positions of DiI- and/or DiO-labelled
cells were measured using Adobe Photoshop on the pictures taken immediately
after injection, relative to embryonic landmarks chosen according to a previous
report (Bhattacharyya et al., 2004) and described in detail below and in Fig. 1.
The landmarks differ at different stages (see below and Fig. 1). The fate-maps
were constructed using Microsoft Excel, with the x–y coordinate positions of the
dye-spots relative to the standard rostrocaudal and mediolateral landmarks (set at
0–100%) automatically drawn on schematics of embryos at eight different
stages (0–1ss, 2–3ss, 4–5ss, 6–7ss, 8–9ss, 10–12ss, 13–14ss, 15–16ss).
Different fates are represented by coloured spots (where a dyespot contributed to
Fig. 1. Schematics showing how dye injection sites and rhombomere boundaries were standardised relative to other embryonic landmarks. (A) For embryos with 0–1
somites, rostrocaudal position was standardised as a percentage of the distance between the tip of the prechordal plate (pp; 0%) and the centre of Hensen's node (hn;
100%), and mediolateral position as a percentage of the distance between the midline (ml; 0%) and the lateral edge of the neural plate just rostral to the node (np;
100%). (B) For embryos with 2–5 somites, rostrocaudal position was standardised as a percentage of the distance between the anterior neural ridge (anr; 0%) and the
rostral edge of the first somite (som; 100%), and mediolateral position as a percentage of the distance between the midline (ml; 0%) and the edge of the neural plate just
rostral to the first somite (np; 100%). (C) For embryos with 6–12 somites, rostrocaudal position was standardised as a percentage of the distance between the anterior
neuropore (an; 0%) and the rostral edge of the first somite (som; 100%), and mediolateral position as a percentage of the distance between the midline (ml; 0%) and the
lateral edge of the optic vesicles (op; 100%). (D) For embryos with 13–14 somites (left), rostrocaudal position was standardised as a percentage of the distance between
the forebrain–midbrain boundary (fm; 0%) and the rhombomere 5/6 boundary (r5/6; 100%), and mediolateral position as a percentage of the distance between the
midline (ml; 0%) and the lateral edge of the head at the level of the midbrain (mb; 100%). For embryos with 15–16 somites (right), rostrocaudal position was
standardised as a percentage of the distance between the midbrain–hindbrain boundary (mh; 0%) and the r5/6 boundary (r5/6; 100%), and mediolateral position as for
embryos with 13–14 somites. an, anterior neuropore; anr, anterior neural ridge; hn, centre of Hensen's node; fm, forebrain/midbrain boundary; mb, lateral edge of head
at level of midbrain; mh, midbrain/hindbrain boundary; ml, midline; op, lateral edge of optic vesicles; pp, prechordal plate; r5/6, rhombomere 5/6 boundary; som,
rostral edge of first somite.
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spots are represented as crosses with different colour and bar widths indicating
different fates, the centre of the cross indicating the centre of the dye-spot, and
the edges indicating the rostrocaudal and mediolateral extent of the dye-spot
(Fig. 4). When visible, the positions of the midbrain/r1, r2/3, r3/4 and r4/5
boundaries were also calculated, and the mean and standard deviation positions
of these boundaries marked on the fate-maps (Fig. 4).
For embryos with 0–1 somites, the rostrocaudal standard was set from the tip
of the prechordal plate (pp; 0%) to the centre of Hensen's node (hn; 100%),
while the mediolateral standard from the midline (ml; 0%) to the edge of the
neural plate just rostral to the node (np; 100%; Fig. 1A). The rostrocaudal
position of the labelled cell groups at 0–1ss was then calculated as a percentage
of the total length pp–hn, and the mediolateral position as a percentage of the
total length ml–np (Fig. 1A).
For embryos with 2–5 somites, the rostrocaudal standard was set from the
anterior neural ridge (anr; 0%) to the rostral edge of the first somite (som;
100%), and the mediolateral standard from the midline (ml; 0%) to the edge of
the neural plate just rostral to the first somite (np; 100%). The rostrocaudal
position of the labelled cell groups was calculated as a percentage of the total
length anr–som, and the mediolateral position as a percentage of the total length
ml–np (Fig. 1B).
For embryos with 6–12 somites, the rostrocaudal standard was set from the
anterior neuropore (an; 0%) to the rostral edge of the first somite (som; 100%),
and the mediolateral standard from the midline (ml; 0%) to the lateral edge of the
optic vesicles (op; 100%). The rostrocaudal position of the labelled cell groups
was calculated as a percentage of the total length an–som, and the mediolateral
position as a percentage of the total length ml–op (Fig. 1C).
For embryos with 13–14 somites, the rostrocaudal standard was set from the
forebrain–midbrain boundary (fm; 0%) to the r5/6 boundary (r5/6; 100%), and
themediolateral standard from themidline (ml; 0%) to the lateral edge of the head
at the level of the midbrain (mb; 100%). The rostrocaudal position of the labelledcell groups was calculated as a percentage of the total length fm–r56, and the
mediolateral position as a percentage of the total length ml–mb (Fig. 1D, left).
For embryos with 15–16 somites, the rostrocaudal standard was set from the
midbrain–hindbrain boundary (mh; 0%) to the r5/6 boundary (r5/6; 100%), and
themediolateral standard from themidline (ml; 0%) to the lateral edge of the head
at the level of the midbrain (mb; 100%). The rostrocaudal position of the labelled
cell groups was calculated as a percentage of the total length mh–r5/6, and the
mediolateral position as a percentage of the total length ml–mb (Fig. 1D, right).
Immunohistochemistry on cryosections
The gelatin was removed by incubating the slides in PBS at 37 °C for
10 min. The slides were then placed in PBS at room temperature for 5 min, and
the edges marked with a hydrophobic pen. Primary antibodies used were anti-
Pax3 (mouse IgG2a; gift of Prof. Marianne Bronner-Fraser, Caltech; also
available from the Developmental Studies Hybridoma Bank), anti-Pax2 (rabbit;
Zymed/Invitrogen), anti-Islet1 (mouse IgG1, Developmental Studies Hybri-
doma Bank), and anti-HNK1 (mouse IgM; gift of Prof. Marianne Bronner-
Fraser, Caltech). The Developmental Studies Hybridoma Bank (DSHB) was
developed under the auspices of the NICHD and is maintained by the University
of Iowa, Department of Biological Sciences, Iowa City, IA 52242. The slides
were incubated overnight at 4 °C in a humidified chamber in primary antibodies
diluted in 10% heat-treated serum in PBS with 0.1% Triton X-100 (PBT). After
three 5-min washes in PBS at room temperature, the slides were incubated for
2 h at room temperature with appropriate subtype-specific Alexa488- or
Alexa594-conjugated secondary antibodies (Molecular Probes/Invitrogen) and
with biotinylated secondary antibodies (Southern Biotechnology), again diluted
in PBT with 10% serum. After using biotinylated secondary antibodies, slides
were further incubated for an hour at room temperature in avidin-NeutrAvidin™
Alexa350 (Molecular Probes/Invitrogen) at 1:100 in PBS, followed by three 5-
min washes in PBS. Slides were washed in PBS, mounted in Fluoromount-G
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scopy using a Zeiss Axioskop microscope.
In situ hybridisation
Digoxygenin-labelled riboprobe synthesis and whole-mount in situ
hybridisation were performed according to standard techniques (Henrique et
al., 1995). Plasmids used were kind gifts of Prof. David Anderson (Caltech;
Ngn1, Ngn2), Prof. Marianne Bronner-Fraser (Caltech; Pax3), and Dr Andrea
Streit (King's College London; Pax6).
For in situ hybridisation on paraffin wax sections, embryos were fixed in
modified Carnoy's solution (60% ethanol, 11.1% formaldehyde, 10% acetic
acid), dehydrated in 100% ethanol, changed into Histosol (National Diagnos-
tics), embedded in Paraplast® (Oxford Labware) under reduced air pressure and
sectioned at 5–6 μm. The sections were dried overnight at 37 °C and stored at
room temperature. In situ hybridisation was carried out as described in
Etchevers et al. (2001), except that the slides were not treated with proteinase K,
the first two post-hybridisation washes were in 50% formamide, 1× SSC, 0.1%Fig. 2. Molecular markers for ophthalmic trigeminal (opV) and maxillomandibular tri
opV placode (arrows) and in migrating HNK1+ neural crest cells (red cytoplasm; arro
16ss, Pax3 protein has been downregulated in neural crest cells that have migrated pa
situ hybridisation for Ngn2, followed by (E) immunostaining for Pax3 (red nuclei)
ectoderm and after delamination (arrowheads). (G–K) Ngn2 is not a specific marker
the olfactory epithelium (olf), (H) epibranchial placode-derived neurons, such as the
arrowhead), while (J, K) at the 33ss, Ngn2 is expressed in mmV placode-derived neur
eye (white asterisk), but this is too far rostral to colocalise with (M) Ngn1 expressio
ganglion; hb, hindbrain; mb, midbrain; mmV, maxillomandibular trigeminal; olf, olfaTween-20 at 65 °C, and the colour reaction included 10% polyvinyl alcohol
(Sigma P1763). A detailed protocol is available on request.
Results
Molecular identification of ophthalmic trigeminal (opV)
placode-derived neurons
The earliest known specific molecular marker for the
ophthalmic trigeminal (opV) placode is the paired domain
homeodomain transcription factor Pax3, whose expression in
this placode is conserved across all vertebrate groups (Stark et
al., 1997; Schlosser and Ahrens, 2004; O'Neill et al., 2007).
Pax3 mRNA is also expressed at lower levels in migrating
neural crest cells, although it is rapidly downregulated ingeminal (mmV) placodes. (A–C) Pax3 protein (green nuclei) is expressed in the
wheads) at (A) the 8–9 somite-stage (ss) and (B) the 10–12ss, but (C) by the 15–
st the opV placode. (D–F) Ngn2 is expressed in Pax3+ opV placode cells. (D) In
shows (F) co-localisation of Ngn2 and Pax3 in the opV placode, both in the
for opV placode-derived neurons: at the 27ss, Ngn2 is also expressed in panel G
geniculate ganglion (gg) and (I) the neurogenic region of the otic vesicle (ov,
ons. (L) Pax6 is expressed in a dorsal patch of ectoderm extending back from the
n in the mmV placode (white asterisk). gen, geniculate placode; gg, geniculate
ctory epithelium; opV: ophthalmic trigeminal; ov, otic vesicle; ss, somite-stage.
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1997; also see Fig. 5). Here, using HNK1 to label neural crest
cells, we confirm that Pax3 protein is also downregulated by the
15–16ss in neural crest cells that have migrated past the Pax3+
opV placode (Figs. 2A–C). Pax3 is expressed later in neural
crest cells in the condensing trigeminal and dorsal root ganglia
(Stark et al., 1997), making it important to be able to distinguish
between Pax3+ opV placode-derived cells and Pax3+ neural crest
cells in the developing trigeminal ganglion. However, at the
stages analysed here, neural crest cells (unlike opV placode cells)
have not yet begun to differentiate as neurons (D'Amico-Martel,
1982). Hence, Pax3 immunohistochemistry, combined with
immunostaining for a neuronal marker, can be used definitively
to identify opV placode-derived neurons after DiI/DiO labelling.
The proneural transcription factor gene Neurogenin2 (Ngn2)
and fibroblast growth factor receptor 4 (Fgfr4) have also been
reported as being opV placode-specific markers; both are
expressed from the 10-ss onwards (Stark et al., 1997; Begbie etFig. 3. Examples of labelled embryos and identification of derivatives. (A) 4-somite s
groups of ectoderm cells on either side of the neural folds with alternating spots of D
fixed at the 27ss (a day after labelling), immunostained for Islet1 (neurons, green n
righthand DiI spot in panel A) is seen in the Pax3-negative mmV placode and mmV pl
Boxed region in panel B, showing blue (Pax3+ opV placode-derived cells) and red (D
in both opV and mmV placode-derived ganglia) and red (DiI) channels only. (C) 6
Cryosections through the embryo in panel C, fixed at the 30ss (a day after labelling)
from the top lefthand DiI spot in panel C) in the Pax3+ opV placode-derived ganglion
negative mmV placode-derived ganglion. (F) 9ss embryo labelled with alternating sp
and (H) the left side of the same embryo as in panel F at the 22ss, showing how the di
labelled cells around the first pharyngeal cleft on both sides (green DiO in panel G, r
cryosection through embryo shown in panels F–H, at the level of the geniculate placo
from top lefthand DiI spot in panel F) in Pax2+ (blue) geniculate placode cells. (K) Sam
with alternating spots of DiI (red) and DiO (green). (M, N) Wholemount views of (M
showing contribution to the otic vesicle (ov) of the caudalmost DiI spots on both
trigeminal; nc, notochord; opV: ophthalmic trigeminal; ov, otic vesicle; ph, pharynxal., 2002). We confirmed specific expression of both genes in
the opV placode at these early stages (Figs. 2D–F; data not
shown for Fgfr4). However, at the 27-ss (stage 16), in situ
hybridisation revealed Ngn2 expression in cells derived from
the olfactory, geniculate and otic placodes, and also in the mmV
ganglion at the 33-ss (stage 18) (Figs. 2G–K). Hence, Ngn2 is
not a specific marker for opV placode-derived cells in the chick,
at least from stage 16; rather, it seems to be a general marker for
placode-derived neuroblasts/neurons. Therefore, we chose to
use Pax3 and the neuronal differentiation marker Islet1 (Ericson
et al., 1992) to identify opV placode-derived neurons in our
fate-mapping study (see Figs. 3B, D).
The chick maxillomandibular trigeminal (mmV) placode does
not express Pax6
In Xenopus, where the profundal (opV) and trigeminal
(maxillomandibular trigeminal, mmV) placodes are clearlytage (ss) embryo photographed in ovo under epifluorescence after labelling small
iI (red) and DiO (green). (B) Cryosection through the embryo shown in panel A,
uclei) and the opV marker Pax3 (blue nuclei). DiI label (red, from the middle
acode-derived neurons, ventral to the Pax3+ opV placode-derived ganglion. (B1)
iI) channels only. (B2) Boxed region in panel B, showing green (Islet1+ neurons
ss embryo labelled with alternating spots of DiI (red) and DiO (green). (D, E)
, immunostained for Pax3 (blue) and Islet1 (green), showing (D) DiI label (red,
, and (E) DiI label (red, from the bottom lefthand DiI spot in panel C) in the Pax3-
ots of DiI (red) and DiO (green). (G, H) Wholemount views of (G) the right side
fferent groups of DiI- and DiO-labelled cells have expanded. Note the location of
ed DiI in panel H), where the geniculate placode forms. (I) Low-power view of
de. (J) Higher-power view of boxed area in panel I, showing DiI label (red dots,
e photograph as panel J but without the green channel. (L) 13ss embryo labelled
) the right side and (N) the left side of the same embryo as in panel L at the 29ss,
sides. fb, forebrain; hb, hindbrain; mb, midbrain; mmV, maxillomandibular
; r, rhombomere; ss, somite-stage; va, vestibuloacoustic ganglion.
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neural plate stages, prior to neurogenesis (Schlosser and Ahrens,
2004). In the chick embryo, Pax6 is expressed in head ectoderm
caudal to the eye (Fig. 2L), too far rostral to overlap with the
mmV placode region (ventrolateral to r2,3), where the proneural
transcription factor Ngn1 is expressed (Fig. 2M). Ngn1 is the
earliest known molecular marker for the mmV placode in the
chick (Begbie et al., 2002). Consistent with previously published
data (Begbie et al., 2002), we detected Ngn1 expression from the
15ss (stage 12−) in the mmV (but not opV) placode, in
vestibuloacoustic neuroblasts in the otic vesicle, and in the
geniculate (first epibranchial) placode (Fig. 2M; data not
shown). Its expression in all three epibranchial placodes
(geniculate, petrosal and nodose) was seen from the 20ss
(stage 13+; data not shown; Begbie et al., 2002). However, in our
hands Ngn1 was a difficult and unreliable probe, both in whole-
mount and on sections, and we were unable to use it for our fate-
map.
Since we were unable to find a molecular marker that would
positively identify mmV placode-derived neurons, we took ad-
vantage instead of the fact that mmV placode-derived neurons
do not express the opV placode-derived marker Pax3 (Baker
et al., 2002). Neural crest-derived neurons in the trigeminal
ganglion have not yet begun to differentiate at the stages ana-
lysed here, so there is no possibility of confusion with neural
crest-derived neurons (D'Amico-Martel, 1982). To determine
the most useful neuronal marker, we double-immunostained
cryosections of the trigeminal region at different stages for Pax3
and the neuronal markers NeuN, Brn3a or Islet1. We found that
Islet1 is the earliest neuronal differentiation marker for mmV
placode-derived neurons, expressed from the 19-ss (stage 13;
data not shown). We therefore chose to use Islet1 to identify
placode-derived neurons for our fate-map (see Figs. 3B, E).
Fine-grained fate-maps of the trigeminal placodes from 0–16
somites
The only previous fate map for the trigeminal placodes was
constructed at the 8-ss by quail-chick grafting (D'Amico-Martel
and Noden, 1983). Here, we aimed to produce comprehensive
spatiotemporal fate-maps of the opV and mmV placodes from
the 0–16ss. We labelled small groups of ectodermal cells in ovo
by mouth-pipetting DiI and DiO, usually as three alternating
dots on each side of the embryo (Figs. 3A, C, F, L), so up to 6
data points were potentially available from each embryo.
Photographs were taken of each embryo after labelling so that
the rostrocaudal and mediolateral position of each dot of dye
could be standardised against specific embryological landmarks
(see Materials and methods; Fig. 1; note that these landmarks
differ from stage to stage). After a day of further incubation, the
labelled cells had proliferated, separated and occupied a larger
region of ectoderm or had delaminated (Figs. 3G, H, M, N).
Embryos were cryosectioned and immunostained for Pax3 and
Islet1, to enable us to identify Islet1+Pax3+ opV placode-
derived neurons in the opV lobe of the trigeminal ganglion and
Islet1+Pax3-negative mmV placode-derived neurons in the
mmV lobe (Figs. 3B, D, E). The geniculate placode was scoredwhen label was found in ventral arch ectoderm on sections also
containing the otic vesicle/vestibuloacoustic ganglion, or
immediately adjacent to sections containing the otic vesicle/
vestibuloacoustic ganglion. Sometimes Pax2 immunostaining
was also used to help identify the geniculate placode (Fig. 3J).
The otic placode-derived otic vesicle was easily identifiable
morphologically (Figs. 3M, N). Both DiI- and DiO-labelled
cells were easy to identify on the immunostained sections,
although DiO was fainter than DiI. In total, 240 surviving
labelled embryos were used in constructing the fate-maps.
At the 0–1ss (9 embryos labelled; Fig. 4A) and 2–3ss (24
embryos labelled; Fig. 4B), opV and mmV placode precursors
were found in a broad area of non-neural ectoderm, extensively
intermingled with each other and with future epidermal cells.
Some individual dye-spots labelled both opVand mmV placode
cells; others labelled both placode cells and epidermis. Otic
precursors were generally located more caudally overall, but
the most rostral otic precursors still overlapped with both opV
and mmV placode precursors. At the 2–3ss, one very caudal
and relatively medial dot of dye labelled the geniculate placode
(Fig. 4B).
At the 4–5ss (29 embryos labelled; Fig. 4C) and 6–7ss (45
embryos labelled, Fig. 4D), a similar picture prevailed. OpV
placode precursors were found more rostrally than mmV pla-
code precursors, but the two shared a common caudal boundary:
mmV placode precursors were found throughout the caudal
half of the opV precursor region, although opV precursors were
generally located more medially than mmV precursors. Some
individual dye-spots labelled both opVand mmV placode cells.
The most rostral otic precursors still overlapped with both opV
and mmV placode precursors at these stages: at the 4–5ss they
showed a fairly broad mediolateral distribution, but by the 6–
7ss they had converged medially, and their rostrocaudal extent
was also smaller than before. At the 4–5ss, geniculate pre-
cursors were labelled by a single dye-spot in the same general
territory as otic precursors. At the 6–7ss, three dye-spots
labelled geniculate precursors, overlapping along the rostrocau-
dal axis with the location of caudal opV, mmV and rostral otic
precursors, but located more laterally than most otic precursors.
At the 8–9ss (48 embryos labelled; Fig. 4E) and 10–12ss (44
embryos labelled; Fig. 4F), rhombomere boundaries were much
easier to distinguish than at earlier stages and their mean
positions were also placed on the fate-maps (standard deviation
also shown; Figs. 4E, F). The fate-map constructed by quail-
chick chimera analysis at the 8ss (D'Amico-Martel and Noden,
1983) is shown for comparison on the left side of Fig. 4E. In our
fate-map, opV placode cells were found at the level of the
caudal midbrain and r1,2, while mmV placode precursors
extended a bit further caudally, at the level of r1–3. By the 10–
12ss, most mmV placode precursors seemed to be concentrated
adjacent to r2–3. At both stages, several dye-spots adjacent to
r1,2 labelled both opV and mmV placode precursors. Otic
precursors were found as far rostrally as the level of r3,
intermingled to some extent with mmV and geniculate placode
precursors. Overall, geniculate precursors were distributed more
rostrally and laterally than otic precursors, at the level of r2–3 at
the 8–9ss, and at the level of r3–4 at the 10–12ss.
Fig. 4. Fate-maps of ophthalmic trigeminal (opV, blue), maxillomandibular trigeminal (mmV, green), otic (bright yellow) and geniculate (dark yellow) placodes
between the 0 and 16 somite-stage (ss). Small groups of head ectoderm cells were labelled at the somite-stages (ss) indicated by focal injection of the vital fluorescent
dyes DiI and DiO, photographed, and the position of each dyespot standardised against embryonic landmarks as described in the text and in Fig. 1. Labelled embryos
were incubated for a further day, photographed, fixed and cryosectioned, and DiI or DiO-labelled descendants identified on cryosections after immunostaining, as
described in the text and Fig. 3. Coloured spots indicate dyespots that labelled cells giving rise to a single fate (blue, opV placode; green, mmV placode; red, epidermis;
bright yellow, otic placode); small dark yellow crosses indicate geniculate placode fate, to distinguish from bright yellow otic placode spots. Dual-colour squares
indicate contribution of a dyespot to two different fates. Dark grey horizontal bar indicates embryonic landmark standardised to 100% (centre of Hensen's node at 0–1ss;
rostral edge of first somite at 2–12ss; rhombomere 5/6 boundary at 13–16ss). (A) 0–1ss fate-map (9 embryos labelled). (B) 2–3ss fate-map (24 embryos labelled). (C)
4–5ss fate-map (29 embryos labelled). (D) 6–7ss fate-map (45 embryos labelled). (E) Right side shows 8–9ss fate-map (48 embryos labelled). Left side shows fate-map
constructed at the 8ss by quail-chick grafting (D'Amico-Martel and Noden, 1983). gen, ectoderm fated to form the geniculate (first epibranchial) placode; pet, ectoderm
fated to form the petrosal (second epibranchial) placode; ot, otic placode. Light grey bars indicate mean positions of midbrain (mb)/r1 and r2/3 boundaries; small brown
rectangles above and below grey bars indicate standard deviation of these positions. (F) 10–12ss fate-map (44 embryos labelled). Light grey bars indicatemean positions
of the midbrain (mb)/r1, r2/3, r3/4 and r4/5 boundaries; small brown rectangles above and below grey bars indicate standard deviation of these positions. (G) 13–14ss
fate-map (20 embryos labelled). Crosses on left side of schematic indicate the fates of large dye-spots: the centre of the cross indicates the centre of the dye-spot; the
edges indicate the rostrocaudal and mediolateral extent of the dye-spot; different colours indicate fate as before, and wider bars indicate the majority fate. Light grey bar
at the forebrain/midbrain (mb) boundary indicates 0% along the rostrocaudal axis; dark grey bar at the r5/6 boundary indicates 100%. The mean positions of the mb/r1,
r2/3, r3/4, and r4/5 boundaries are also shown by light grey bars, with small brown rectangles above and below the bars indicating the standard deviation of these
positions. ov, otic vesicle. (H) 15–16ss fate-map (21 embryos labelled). Crosses on left side of schematic are as described in panel G. Light grey bar at the mb/r1
boundary indicates 0% along the rostrocaudal axis; otherwise as described in panel G. fb, forebrain; gen, geniculate; mb,midbrain; mmV,maxillomandibular trigeminal;
opV, ophthalmic trigeminal; ot, otic placode; ov, otic vesicle; pet, petrosal (second epibranchial) placode; r, rhombomere; ss, somite-stage.
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much clearer separation between the different trigeminal
placodes, with opV placode cells being found at the level ofthe caudal midbrain and r1,2 (though with some labelled more
rostrally), and mmV placode cells concentrated rather more
caudally, at the level of the r2/3 boundary and r3. Nonetheless,
Fig. 5. Pax3 expression correlates with the opV placode fate-map from the 8 somite-stage (ss). (A) Pax3 expression in a 5ss chick embryo is confined to ectoderm
directly above the midbrain (mb) neural folds. (A1) At the 4–5ss, all labelled opV placode precursors (blue dots) are located in Pax3-negative ectoderm lateral to the
neural folds. (A2) Transverse section through the midbrain of the embryo shown in panel A. (A3) Higher power view of boxed area in A2. Black arrowhead indicates the
most lateral extent of Pax3 expression. (B) Pax3 expression in a 7ss chick embryo extends a little further laterally than the midbrain neural folds, and more caudally
above rhombomere 1,2 (r1,2). (B1) At the 6–7ss, most opV placode precursors (blue dots) are located in Pax3-negative ectoderm lateral to the neural folds. (B2)
Transverse section through the midbrain of the embryo shown in panel B. (B3) Higher power view of boxed area in panel B2. Black arrowhead indicates the most lateral
extent of Pax3 expression: this is fairly uniform close to the neural tube but more “salt-and-pepper” further away. Red arrowhead indicates Pax3+ neural crest cells
emigrating from the neural folds. (C) Pax3 expression in a 9ss chick embryo extends significantly further laterally than the neural folds at the level of the midbrain and,
to a lesser extent, at the level of r1,2. (C1) Most opV placode precursors (blue dots) are located in Pax3+ ectoderm lateral to the midbrain and r1,2. (C2) Transverse
section through the midbrain of the embryo shown in panel C. (C3) Higher power view of boxed area in panel C2. Black arrowhead indicates the most lateral extent of
Pax3 expression, which is “salt-and-pepper” at its furthest extent from the neural tube. Red arrowhead indicates migrating Pax3+ neural crest cells subjacent to Pax3+
surface ectoderm. (D) Pax3 expression in a 9ss chick embryo extends significantly further laterally than the neural tube at the level of the midbrain and, to a lesser
extent, at the level of r1,2. (D1) Most opV placode precursors (blue dots) are located in Pax3+ ectoderm lateral to the midbrain and r1,2. (D2) Transverse section
through the midbrain of the embryo shown in panel D. (D3) Higher power view of boxed area in panel D2. Black arrowhead indicates the most lateral extent of Pax3
expression, which is strong and uniform close to the neural tube but more “salt-and-pepper” further away. Red arrowhead indicates weakly Pax3+ migrating neural
crest cells subjacent to Pax3+ surface ectoderm. (E) Pax3 expression in a 14ss chick embryo correlates well with (E1) the location of opV placode cells (blue dots) in
Pax3+ ectoderm lateral to the midbrain and r1,2 at the 13–14ss. (E2) Transverse section through the midbrain of the embryo shown in panel E. (E3) Higher power view
of boxed area in panel E2. Black arrowhead indicates the most lateral extent of Pax3 expression, which is strong and uniform even relatively far from the neural tube,
but still “salt-and-pepper” at its lateral edge. Neural crest cells no longer express Pax3 (also see Figs. 2A–C). (F) Pax3 expression in a 16ss chick embryo correlates
well with (F1) the location of opV placode cells (blue dots) in Pax3+ ectoderm lateral to the caudal midbrain and r1,2 at the 15–16ss. (F2) Transverse section through
the midbrain of the embryo shown in panel F. (F3) Higher power view of boxed area in panel F2. Black arrowhead indicates the most lateral extent of Pax3 expression.
Blue arrowhead indicates delaminating Pax3+ opV placode-derived cells. (G) Pax3 expression in the opV placode at the 19ss. fb, forebrain; mb, midbrain; mmV,
maxillomandibular trigeminal; opV, ophthalmic trigeminal; ov, otic vesicle; r, rhombomere; ss, somite-stage.
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182 H. Xu et al. / Developmental Biology 317 (2008) 174–186there was no absolute boundary between opVand mmV placode
cells, which intermingled to some extent at the level of the r2/3
boundary. Some otic precursors were still found rostral to the
forming otic vesicle, at the level of both r3 and r4. Geniculate
precursors were only labelled by two dye-spots, very laterally at
the level of r3 and r4, respectively.
At the 15–16ss (21 embryos labelled; Fig. 4H), opV placode
cells were restricted to the level of the most caudal midbrain and
r1,2, while mmV placode cells were generally found at the level
of r2–3 (Fig. 4H). Again, there was no clear boundary between
them. Even at this late stage, with the otic vesicle clearly visible
at the level of r5,6, otic precursors were still found at the level of
r3 and r4. No geniculate precursors were labelled at this stage.
The opV placode fate-map correlates with Pax3 expression
from the 8ss
Pax3 is the earliest specific marker for the opV placode, first
seen in ectoderm contiguous with the Pax3+ dorsal midbrain
neural folds from the 4ss (Stark et al., 1997). Pax3 expression in
midbrain-level ectoderm (r1,2-level ectoderm was not tested)
correlates with specification and commitment to Pax3 expres-
sion and to a cutaneous sensory neuron fate (Baker and
Bronner-Fraser, 2000; Baker et al., 1999, 2002). Significant
numbers of midbrain-level ectoderm cells are specified and
committed to express Pax3 from the 8ss onwards (Baker and
Bronner-Fraser, 2000; Baker et al., 1999). We compared the
opV placode fate-map from the 4–16ss with Pax3 expression at
the same stages by whole-mount in situ hybridisation (Fig. 5).
Before the 8ss, many opV placode precursors seem to be located
in Pax3-negative ectoderm lateral to the neural folds (Figs. 5A,
B). From the 8ss onwards, the opV placode fate-map seems to
correlate fairly well, at least qualitatively, with Pax3 expression
in ectoderm lateral to the midbrain and r1,2 (Figs. 5C–F).
(Although Pax3+ neural crest cells are also migrating beneath
the ectoderm at these stages, midbrain-level sections of the same
embryos showed that the whole-mount Pax3 expression pattern
most likely reflects ectodermal Pax3 expression: the much
weaker Pax3 expression in migrating neural crest cells does not
seem to extend any further laterally than the stronger Pax3
expression in the overlying ectoderm; Fig. 5.) Thus, the opV
placode fate-map, the specification map for Pax3, and Pax3
expression itself, all seem to overlap from the 8ss in the
ectoderm lateral to the midbrain and r1,2, suggesting that opV
placode formation correlates with Pax3 expression in this
ectoderm from the 8ss onwards.
MmV placode precursors begin to segregate from opV placode
cells from the 8ss, and are still being recruited to the mmV
placode at the 15–16ss
Before the 8ss, mmV placode precursors are almost entirely
found within approximately the caudal half of the territory from
which opV placode precursors arise (Figs. 4A–D). From the 8ss
onwards, mmV placode precursors are still found intermingled
with caudal opV placode precursors at the level of r1,2, but are
also found further caudally, at the level of r3 (Figs. 4E–H). Thissuggests that opV and mmV placode precursors begin to
segregate from the 8ss, which correlates with the onset of Pax3
expression in opV placode cells (Fig. 5).
Ngn1, the earliest marker for the mmV placode in the chick
embryo, begins to be expressed from the 15–16ss in a
ventrolateral patch of ectoderm at the level of r2,3 (Begbie et
al., 2002; Fig. 2M). The mmV placode fate-map at the 15–16ss
(Fig. 4H) shows mmV placode precursors in the ectoderm
adjacent to r2 and r3, located more dorsomedially than the
ventrolateral band of Ngn1 expression (Fig. 2M). (It is harder to
label ventrolateral ectoderm cells at the 15–16ss, before the
embryonic head begins to turn; this may also explain the lack of
geniculate placode labelling at this stage.) Hence, although
mmV placode cells are starting to undergo neurogenesis at the
15–16ss, cells from more dorsomedial regions of ectoderm
are still being recruited to the placode. This is also the case for
the otic placode: even at the 15–16ss, when the otic vesicle
is morphologically visible at the level of r5,6, cells that will later
be incorporated into the otic vesicle are found at the level of
r3–4 (Fig. 4H).
A few ectoderm cells express both opV and mmV placode
markers
As described above, opV and mmV placode precursors
overlap at the level of r1,2 until at least the 10–12ss, with some
individual dye-spots labelling both placodes. The two placodes
are more clearly segregated only by the 15–16ss, when most
mmV placode precursors are located at the level of r2–3, though
even then some overlap is seen at the level of the r2/3 boundary.
OpV placode cells are located relatively dorsally and express
Pax3 and Ngn2 (but not Ngn1), while mmV placode-derived
cells are located relatively ventrally and express Ngn1, but not
Pax3. However, at least some mmV placode precursors are
located in dorsomedial ectoderm at the level of r1,2 that might
be expected to express Pax3 (see Fig. 5). In order to determine
how completely these different markers are segregated in the
region of overlap, we analysed Pax3 and Ngn1 expression on
transverse sections of 16ss embryos (Fig. 6). Although the great
majority of Pax3+ and Ngn1+ cells are indeed distinct, with
Pax3+ cells located more dorsally than Ngn1+ cells (consistent
with the ventrolateral location of the patch of Ngn1 expression
from the 15–16ss; Fig. 2M), we occasionally saw a few Pax3+
Ngn1+ cells, mostly located relatively dorsally in a field of
otherwise Pax3+Ngn1-negative cells (Fig. 6). Such cells are
presumably responding to both opV and mmV placode-
inducing signals: their ultimate fate is unknown.
Discussion
Two different trigeminal placodes arise from a partially
overlapping territory in the chick embryo
Here, we have used focal DiI/DiO labelling of small groups
of ectoderm cells to construct eight fine-grained fate-maps from
the 0–16 somite-stage (ss) for the opVand mmV placodes. OpV
and mmV placode precursors are initially extensively
Fig. 6. A few cells in the region of overlap between the opVand mmV placodes express both the opV placode marker Pax3 and the mmV placode marker Ngn1. (A)
Transverse section through a 16ss chick embryo at the level of the rostral hindbrain (hb), showing weak Ngn1 expression in mmV placode cells in ventrolateral
ectoderm on both sides. (B–B2) Higher power view of boxed area in panel A, showing (B) Ngn1 expression in brightfield; (B1) Pax3 immunostaining (green nuclei);
(B2) overlay of panels B and B1. Arrowheads indicate two Ngn1+ cells that co-express Pax3. Arrows indicate strong Pax3 staining more dorsally in Ngn1-negative
opV placode cells. (C) Transverse section through a different 16ss chick embryo at the level of the rostral hindbrain (hb), showing weak Ngn1 expression in mmV
placode cells in ventrolateral ectoderm on the right, and also in more dorsal cells (boxed area) on the left. (D–D2) Higher power view of boxed area in panel C, showing
(D) Ngn1 expression in brightfield; (D1) Pax3 immunostaining (green nuclei); (D2) overlay of panels D and D1. Arrowheads indicate two Ngn1+ cells that co-express
Pax3. hb, hindbrain; mmV, maxillomandibular trigeminal.
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epibranchial) placode precursors, and with epidermal precur-
sors. From the 8ss onwards, mmV placode precursors still
overlap rostrally with opV placode cells at the level of r1,2, but
are now also found more caudally, lateral to r3. Hence, the opV
and mmV placodes arise from a partially overlapping territory
in the chick embryo and gradually segregate from one another,
with opV placode cells lateral to the caudal midbrain and r1,2,
and mmV placode precursors ultimately found adjacent to r2,3.
Even by the 16ss (the latest stage examined), therefore, opVand
mmV placode precursors still overlap at the level of r2.
Our study partially confirms a previous 8ss fate-map cons-
tructed by quail-chick grafting (D'Amico-Martel and Noden,
1983), which showed only opV placode precursors in ectoderm
lateral to the caudal midbrain, and both opV and mmV placode
precursors in ectoderm lateral to rhombomere 1,2 (r1,2). How-
ever, our fate-map differs in that we also found mmV placode
precursors lateral to r3. The resolution of the quail-chick fate-
map was insufficient to determine whether opV and mmV
placode precursors truly overlapped lateral to r1,2: we found
that opV and mmV placode precursors indeed overlap at this
level, since some individual dye-spots labelled both opV and
mmV placodes. Although increasingly segregated with time,the overlap was not completely resolved even by the 15–16ss,
when Ngn1 expression begins in the mmV placode (Begbie et
al., 2002; this study). The Ngn1 mmV placode expression do-
main is located ventrolaterally to the Pax3+Ngn2+ opV placode
(Begbie et al., 2002), suggesting that the opV and mmV pla-
codes themselves are spatially distinct, even if their precursors
overlap up until relatively late in their development.
The pattern of neurogenesis in chick opVand mmV placodes
also confirms their separate nature, and the earlier development
of the opV placode. Ngn2, Delta1 and Brn3a expression are
first seen at the 10ss (E1.5) in the rostralmost opV placode cells,
at the level of the caudal midbrain (Begbie et al., 2002). In
contrast, Ngn1 and Delta1 are first expressed in mmV placode
cells about 8 h later, at the 15–16ss (E2), while Brn3a
expression first appears in mmV placode-derived neuroblasts
only at the 27–28ss (E2.5) (Begbie et al., 2002). On sections,
opV and mmV neuroblasts can be seen delaminating from
small, thickened, spur-like foci, dotted around the ectoderm
lateral and ventrolateral to the caudal midbrain and r1,2
(D'Amico-Martel and Noden, 1983). Interestingly, delaminat-
ing opV placode cells already seem to be post-mitotic, while
cells produced by the mmV placode are still dividing (Begbie et
al., 2002). OpV neuroblasts begin delaminating first, at the 13ss
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ceeds caudally, with most delamination in both placodes
occurring between 22ss and 28ss (E2.5) (D'Amico-Martel and
Noden, 1983). By E3, the opV and mmV placodes have given
rise to separate ganglia adjacent to the dorsal neural tube
(Kuratani and Tanaka, 1990), and by E3.5, all neuroblast dela-
mination has ceased (D'Amico-Martel and Noden, 1983).
Despite these clear spatiotemporal differences in the dev-
elopment of the opV and mmV placodes in the chick, the fact
remains that ectoderm lateral to r1,2 gives rise to both opV and
mmV precursors, and that as late as the 10–12ss, some
individual dye-spots in this region labelled both opV and mmV
placode-derived cells. This ectoderm must therefore be exposed
to both opVand mmV placode-inducing signals. Our analysis of
Ngn1 versus Pax3 expression at the 16ss, just after Ngn1 begins
to be expressed in mmV placode cells, showed that in general,
Pax3+ cells were located more dorsally and Ngn1+ cells more
ventrally, consistent with the different spatial organisation of
the two placodes. However, occasionally we saw a few Pax3+
Ngn1+ cells, usually located relatively dorsally, suggesting that
some individual cells respond to both placode-inducing signals.
The fate of these cells is unknown.
Implications of the fate-map for the induction of opV and mmV
placodes
From the 8ss onwards, the opV placode fate-map correlates
fairly well with the expansion of Pax3 expression into the
surface ectoderm lateral to the caudal midbrain and r1,2. This is
also the stage from which significant numbers of cells in
midbrain-level surface ectoderm are specified and committed to
express Pax3 and to form cutaneous sensory neurons (Baker and
Bronner-Fraser, 2000; Baker et al., 1999, 2002). Differences
between specification maps and fate maps indicate the regions
and times at which tissue interactions are required for cells
to become determined to specific fates (Slack, 1991). Taken
together, these data suggest that opV placode formation reflects
the induction of Pax3 in ectoderm adjacent to the caudal mid-
brain and r1,2.
An as-yet unidentified diffusible signal(s) from the dorsal
neural tube induces Pax3 expression (Stark et al., 1997; Baker
et al., 1999). Co-culture experiments using 3–7ss midbrain-
level ectoderm (which will of course eventually express Pax3,
and which expresses preplacodal domain marker genes; Litsiou
et al., 2005) showed that the Pax3-inducing signal is found not
only in the midbrain but also in the hindbrain and trunk neural
tube; however, there seemed to be a reduction in Pax3-inducing
activity at the level of r2,3 (Stark et al., 1997; Baker et al.,
1999). If the Pax3-inducing signal is so widespread, why then
does the opV placode only form from ectoderm adjacent to the
caudal midbrain and r1,2? Competence to respond to the Pax3-
inducing signal is clearly important in restricting the spatial
extent of Pax3 induction. At the 3ss, only head ectoderm rostral
to the first somite (i.e., ectoderm expressing preplacodal domain
markers; Litsiou et al., 2005) is competent to respond (Baker
et al., 1999), hence trunk ectoderm does not upregulate Pax3.
From the 4ss onwards, otic-level ectoderm loses competence,concomitant with upregulation of otic placode marker genes and
the onset of specification and commitment to an otic fate (Baker
et al., 1999; Groves and Bronner-Fraser, 2000). Further under-
standing of the restriction of Pax3 induction must await
identification of the Pax3-inducing signal(s). Canonical Wnt
signalling is necessary for Pax3 expression and maintenance in
the opV placode, and for subsequent opV placode development,
but is not sufficient to induce Pax3 expression (Lassiter et al.,
2007). In addition to Wnt receptors (Stark et al., 2000; McCabe
et al., 2004), various different growth factor receptors are
expressed in the prospective opV placode region in the 3–5ss
chick embryo, including members of the FGF, insulin-like (IGF)
and platelet-derived (PDGF) growth factor receptor families
(McCabe et al., 2004). Any or all of these might be good can-
didates for transducing a Pax3-inducing signal(s) from the neural
tube, and other signals required for opV placode development.
Whether due to a reduction in the signal or the presence of an
inhibitor, the apparent reduction in Pax3-inducing activity at the
level of r2,3 (Baker et al., 1999) is particularly interesting since
this is where most mmV placode precursors are located from the
10ss onwards. The source and nature of mmV placode-inducing
signals are currently unknown. However, it is clear from the fate-
map that the mmV placode is still being induced at the 15–16ss:
although ventrolateral mmV placode cells are starting to express
Ngn1 (and Delta1; Begbie et al., 2002) at the 15–16ss, i.e., are
beginning to undergo neurogenesis, cells from more dorsome-
dial regions of ectoderm are still being recruited to the placode at
this time.
Two different trigeminal placodes develop in all vertebrate
groups
In all vertebrate groups, two distinct neurogenic placodes
(as well as neural crest cells) are known to contribute neurons to
two sensory ganglia that develop in association with the trige-
minal nerve (reviewed in Schlosser, 2006; Schlosser andAhrens,
2004; Schlosser and Northcutt, 2000; Baker and Bronner-Fraser,
2001). These ganglia fuse proximally at some stage during
development in most groups (hagfish, lampreys, lungfish and
tetrapods), though in others (elasmobranchs, some basal actino-
pterygian fishes) they remain distinct, with separate nerve roots
(see discussion and references in Schlosser and Northcutt,
2000). The rostral ganglion/ganglionic lobe is generally known
as “ophthalmic trigeminal” (opV) in amniotes and “profundal” in
anamniotes, while the caudal ganglion/ganglionic lobe is usually
called “maxillomandibular trigeminal” (mmV) in amniotes and
simply “trigeminal” (sometimes “gasserian”) in anamniotes.
Neurons in the two ganglia respectively arise from the opV/
profundal and mmV/trigeminal placodes, as well as the neural
crest (reviewed in Schlosser, 2006; Schlosser and Ahrens, 2004;
Schlosser and Northcutt, 2000; Baker and Bronner-Fraser,
2001). As discussed in Schlosser and Northcutt (2000), separate
profundal and trigeminal placodes have been described in lam-
preys, elasmobranchs, and amphibians (though this is con-
troversial in urodeles). Homology between the amniote opV
and anamniote profundal placode/ganglion, and between the
amniote mmV and anamniote trigeminal placode/ganglion,
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Ahrens, 2004; Schlosser and Northcutt, 2000). Recently, how-
ever, strong molecular support for homology between the am-
niote opVand anamniote profundal placodes has been provided
by the demonstration that Pax3 is expressed not only in the opV
placode in chick embryos (Stark et al., 1997), but also in the
profundal placodes of amphibian embryos (Xenopus laevis;
Schlosser and Ahrens, 2004) and shark embryos (Scyliorhinus
canicula; O'Neill et al., 2007).
In Xenopus, the mmV/trigeminal placode expresses Pax6,
and is molecularly distinct from the Pax3+ opV placode from
neural plate stages (Schlosser and Ahrens, 2004). The two
placodes initially form different parts of a single thickened re-
gion of ectoderm extending dorsally above the eye (the opV
placode) and ventrally below the eye (the mmV/trigeminal
placode): these eventually separate to form two morphologi-
cally distinct placodes (Schlosser and Northcutt, 2000). The
contrast between the apparently early segregation between opV
and mmV placodes in Xenopus, and the extensive overlap
between Pax3+ opV and Pax3-negative mmV placode pre-
cursors at the r1,2-level in the chick embryo, is very striking.
In another amniote, the turtle Chrysemys marginata, the border
between the clearly thickened opV and mmV placodes at the
14ss was described as a region of only slightly thinner ectoderm
(Brachet, 1914): this is perhaps more reminiscent of Xenopus
than chick, though molecular information is needed for a
meaningful comparison. We were unable to detect Pax6 ex-
pression in the chick mmV placode.
In the chick embryo, as described above, the opV and mmV
placodes are not obviously thickened and neuroblasts delami-
nate from multiple small foci (D'Amico-Martel and Noden,
1983). If Pax6 turns out to be expressed in the mmV placode of
other vertebrates as well as Xenopus, one could speculate that
the lack of Pax6 expression in the chick mmV placode may
hinder or delay sorting out between opV and mmV placode
precursors in this species. Pax6 expression in lens placode cells
seems to regulate a cell-sorting event (presumably based on
altered expression of cell–cell adhesion molecules) that ensures
that Pax6-negative cells, including olfactory placode precursors
(which upregulate Dlx5 and downregulate Pax6), are excluded
from the developing lens (Collinson et al., 2000; Bhattacharyya
et al., 2004). Perhaps a similar cell-sorting event helps keep the
boundary sharp between the Pax6+ mmV and Pax3+ opV
placodes in Xenopus (Schlosser and Ahrens, 2004). In the
chick, Pax3 expression in opV placode cells may nonetheless
contribute to sorting out from Pax3-negative mmV placode
cells, since significant numbers of mmV placode precursors are
first found outside the opV placode cell-forming region from
the 8ss, when Pax3 expression begins in opV placode cells. It
will be important to discover whether Pax6 expression in the
mmV placode is unique to Xenopus, or uniquely absent in the
chick.
Without information on Pax6 expression in the mmV/
trigeminal placode of other vertebrates, it is difficult to know
what bearing this discrepancy has on the proposed homology
between the amniote mmV and anamniote trigeminal placodes.
Nonetheless, given the strong support for the homology bet-ween amniote opV and anamniote profundal placodes, the
most parsimonious hypothesis is one of homology between the
amniote mmV and anamniote trigeminal placodes.
Quail-chick and DiI/DiO fate-maps compared
Fate-maps of the chick embryo constructed by quail-chick
grafting generally show fairly sharp borders between different
presumptive fates at particular developmental time-points (e.g.
D'Amico-Martel and Noden, 1983; Couly and Le Douarin,
1988). In contrast, sharp borders are rarely seen in fate-maps
constructed by focal injection of the vital fluorescent carbocya-
nine dyes DiI and DiO. Such fate-maps reveal extensive initial
intermingling between olfactory and lens placode precursors
(Bhattacharyya et al., 2004), and between opV, mmV, otic and
geniculate placode precursors (this study; Streit, 2002), followed
by relatively gradual segregation. For example, we found that at
the 8–9ss, otic placode precursors are not yet completely
segregated from mmV or geniculate placode precursors, in
contrast to the clear borders drawn between regions of ectoderm
fated to form these placodes in the quail-chick fate-map at 8ss
(D'Amico-Martel and Noden, 1983). Why should such differ-
ences be seen between fate-maps constructed by these dif-
ferent methods? Time-lapse imaging of the movements of DiI/
DiO-labelled cells over time has shown that much more cell
movement occurs within the surface ectoderm than might per-
haps have been expected: labelled cells may initially move as a
coherent group, but such a group often splits into smaller clusters
that change neighbours and move in different directions (Streit,
2002; Bhattacharyya et al., 2004). Extensive cell movements
lead to the convergence of olfactory, lens and otic placode
precursors towards the sites of placode formation, and to their
eventual segregation from other derivatives (Streit, 2002;
Bhattacharyya et al., 2004). Whether this represents random
cell movement and “capture” by localised inducing signals, or
homing/sorting-out of already-specified cells, remains unclear.
Although grafts of surface ectoderm heal quickly, the time taken
for this to occur may prevent or hinder cell movements that
might otherwise have taken place, potentially aiding community
effects and leading to adoption of a common fate by the grafted
cells. This in turn might exaggerate the degree of segregation of
different presumptive cell territories. In contrast, focal injection
of the vital fluorescent carbocyanine dyes DiI and DiO enables
much smaller groups of cells to be tracked without any potential
complications from graft healing, with the caveat that variation
between individual embryos may blur boundaries.
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